We have developed an integrated strain array for cell culture enabling high-throughput mechano-transduction studies. Biocompatible cell culture chambers were integrated with an acrylic pneumatic compartment and microprocessor-based control system. Each element of the array consists of a deformable membrane supported by a cylindrical pillar within a well. For user-prescribed waveforms, the annular region of the deformable membrane is pulled into the well around the pillar under vacuum, causing the pillar-supported region with cultured cells to be stretched biaxially. The optically clear device and pillar-based mechanism of operation enables imaging on standard laboratory microscopes. Straightforward fabrication utilizes off-the-shelf components, soft lithography techniques in polydimethylsiloxane and laser ablation of acrylic sheets. Proof of compatibility with basic biological assays and standard imaging equipment were accomplished by straining C2C12 skeletal myoblasts on the device for 6 h. At higher strains, cells and actin stress fibers realign with a circumferential preference.
Introduction
In vivo, cells undergo deformation and stress in normal physiology. Skin cells, for example, resist high mechanical stress, and simple monolayers of epithelia and endothelia are regularly subjected to bending and shear forces. Muscle cells are also subjected to high strains as the heart pumps, lungs expand and biceps flex. To study these processes in vitro, commercially available systems such as a Flexcell TM can apply both tensile and compressive strains to large cell populations [1] and numerous custom systems have been reported [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Using these systems, applied strain fields have been applied on a variety of biological models, including muscle, stem, bone and endothelial cells. Tensile strain has been shown to affect cell alignment, morphology, differentiation, proliferation, apoptosis and signaling [2, [12] [13] [14] [15] [16] . 6 These authors contributed equally. 7 Present address: Schott AG, St. Gallen, Switzerland.
However, most systems apply a single strain profile across an entire plate or population; thus, many of these prior studies were limited to only a few significantly different strain levels, disallowing comparisons across experiments. Inconsistencies in the strain fields of commercial devices have also been implicated in contradictory results [17, 18] . As a result, some groups have turned to microfluidics and soft lithography to apply strain to small populations of cells [5, 7] , including innovative geometries to create controlled variations in strain [6] or porous substrates for biomimetic functions [15] . Other approaches have used microscale devices to mechanically strain a single cell at a time [4, 8] . While these silicon-based devices are easily and reliably calibrated, the manipulation of cells and devices by hand is time consuming and low throughput. To create a high throughput system, Moraes et al pressurizes and lifts an array of cylindrical posts to biaxially stretch polymer membranes. The posts rise to different heights, though, and place samples at different Figure 1 . Many devices have been designed and fabricated to apply tensile strain to cultured adherent cells. Most of these devices are designed to apply a single strain magnitude, negating high-throughput studies. For those devices designed to have multiple strain levels, media is pooled among the various strain levels, negating certain assays and complicating data with paracrine signaling.
focal planes, complicating imaging while stretching [10] .
Wang et al created a device that addresses the focal plane issue but is limited to one strain level [19] . Further, multistrain devices often circulate or pool media among samples experiencing different strain levels; such pooling couples the cell populations through paracrine signaling pathways and eliminates the possibility of investigating secreted factors and small molecule signaling under strain (figure 1). We previously reported an early version of our integrated strain array (ISA) which overcomes many of these obstacles [20] ; here we detail an integrated system including the pneumatic sensing and actuation systems, the microcontroller module, device fabrication, experimental validation and an improved finite element model (FEM). Additionally, we present calibration data after standard autoclave sterilization treatment and demonstrate realignment of cells in the presence of cyclic strain.
Design and fabrication

Design of the ISA
To address some of the issues with existing high-throughput solutions, we have designed and tested an ISA for applying variable strain magnitudes to small cell populations. Our device utilizes the Society for Biomolecular Sciences (SBS) standard spacing for 96-well plates and is compatible with standard plate cell-culture techniques and inverted microscopy. As depicted in figure 2, a polymer membrane at the base of each well is pulled down over a post to stretch cells adhered on the membrane top surface. Our 25-well design is fabricated on a 4 wafer and configured to generate five replicates of five different strain magnitudes. The design is scalable if larger substrates are used for fabrication, and any combination of strain magnitudes and replicates is possible in the SBS 96-well format. The ISA is composed of two separate chambers: the pneumatic chamber and the cell culture chamber ( figure 3) . A closed-loop control system modulates a laboratory vacuum supply (capable of applying up to 160 torr or 90 kPa pressure difference measured across the membrane) to provide a cyclic pressure waveform to the pneumatic chamber; the user defines the waveform magnitude and frequency. This cyclic pressure difference acts across a 150 μm polydimethylsiloxane (PDMS) membrane. PDMS also forms the walls of the cell culture chamber. The vacuum acts on the outer annular portion of the membrane in each individual well, pulling it down into the open cavity around each post (figure 2). The central region of the membrane is correspondingly stretched over the post. The geometry of the post determines the strain field in the central region of each well; an array of post sizes yields an array of strain levels for a single device pressure. For these studies, we employ a biaxial strain field in 25 wells by using circular posts of five sizes. Post dimensions are varied by columns with five replicates each of 2, 1.75, 1.5 and 1 mm radius posts and one solid row experiences no strain (control).
Fabrication of the ISA
Straightforward fabrication of the ISA combines laser etching of polymethylmethacrylate (PMMA) for pneumatic chambers, soft lithography microfabrication techniques of PDMS for the cell culture chambers and electronic and pneumatic hardware integration.
Pneumatic chamber fabrication.
The pneumatic chamber is comprised of three layers of PMMA acrylic (Acrylite, Tap Plastic, Mountain View, CA), which are lasercut on a LaserCam (Universal Laser Systems, Scottsdale, AZ) and assembled with acrylic cement (Tap Plastic) (figure 5). The top layer includes the array of posts and tapped holes for tubing connectors (Quick-turn-tube fitting, McMaster-Carr, Santa Fe Springs, CA). The lower layers pattern the plenum, which distributes the source vacuum under every well in the array. Connected tubing is then attached to the control system (figure 4).
Cell culture chamber fabrication.
The cell culture chamber is made of two layers of PDMS (Sylgard 182 and 184, Dow Corning, Midland, MI). For each layer, base and curing agent are mixed and defoamed in a planetary centrifugal mixer (AR-100, ThinkyUSA, Laguna Hills, CA). For the well layer, PDMS (Sylgard 184, 40 g of 10:1 base to curing agent weight ratio) is poured into a 90 mm Petri dish and cured for 4 h at 65
• C. We then punch 6 mm holes in the resulting 6 mm thick PDMS layer with a biopsy punch (Acuderm Inc, Ft. Lauderdale, FL) through a template for a SBS 96-well pattern.
For the membrane layer, we spin coated 10 g of 20:1 PDMS (Sylgard 182) on a silicon wafer at 300 RPM for 30 s and 350 RPM for 60 s to achieve a target thickness of 150 μm and cured for 4 h at 65
• C. The well layer and membrane wafer are then plasma treated at 80 W for 10 s (O 2 Barrel Asher, Branson IPC/Novellus, San Jose, CA), placed in contact with light pressure by hand, and left to bond for at least 3 h before handling.
Device assembly and lubrication.
The high degree of friction between the PDMS membrane and acrylic post requires lubricant to operate effectively. Industrial siliconebased lubricants were found to react with the membrane within 2-3 h. This reaction created a very tacky surface that resisted applied strain and substantially degraded device performance. Water-based personal lubricants proved to substantially reduce friction and sustain their performance over the duration of our experiments (up to 6 h) when maintained in a humidified environment. Lubricant (ID Glide, Westridge Laboratories Inc., Santa Ana, CA) was applied to the top of each acrylic post individually using a toothpick, and the culture chamber was aligned by hand and placed on top of the acrylic chamber.
2.2.4.
Integration with the pneumatic control system. We have designed and built a user-friendly and inexpensive pneumatic control system comprised of off-the-shelf components. The unit is divided into three major subsystems: a sensing module, a computational core and an actuator module (figure 5).
The sensing module monitors the actual pressure reached in the pneumatic chamber below the membrane (ASDX015 analog sensor, Invensys Sensor Systems, Milpitas, CA). One port of the gauge pressure sensor is connected to the pneumatic chamber through abrasionresistant polyurethane tubing and barbed reduction coupling connections (McMaster-Carr) while the other port is exposed to atmospheric pressure. Pressure measurement data collected by the sensing module are sent to the analog-to-digital conversion input of microcontroller (Atmega 328RISC in a Dev09217 Arduino board, SparkFun Electronics, Boulder, CO) in the computational core.
The computational core also includes a graphical user interface (coded in C Sharp, Microsoft) that displays observed pressure from the sensing interface and outputs the desired magnitude, frequency, waveform and proportional-integralderivative control parameters to the actuator interface. To control the duty cycle of two proportional valves (DS2833-927, Burkert, Irvine, CA), the microcontroller defines the pulse width modulation signal which is amplified by field-effect transistor switches (NTE 2390, NTE Electronics, Bloomfield, NJ). One valve is connected to the vacuum source and the other vented to atmosphere. We compared the performance of our pneumatic control system with a commercially available Flexcell TM control unit (Flexcell 5000 Tension, Hillsborough, NC) in tracking the target pressure for both sine and step functions between 10 and 50 kPa pressure difference across the membrane. Our system exhibits smaller step sizes, faster rise times, and less overshoot (data not shown).
Methods
Finite element model
To model the device, we use a mesh of SHELL181 four-node tetrahedral elements in ANSYS TM . This element is capable of large deformations based on the Mindlin-Reissner shell theory where element kinematics allow finite membrane stretching. Two contact and target surfaces constitute a contact pair, CONTAC174 and TARGE170. The contact surface (PDMS membrane) is a deformable body, while the target surface (PMMA post) is a rigid body. In this model, we define the friction coefficient as an input parameter. Since the friction in our dynamic system is difficult to estimate, we examine the friction parameter effect on the expected performance in a sensitivity analysis (table 1) . This sensitivity analysis allows us to examine expected performance given manufacturing variability. The PDMS membrane was considered isotropic with Poisson's ratio of 0.49 based on related literature [21] [22] [23] . The boundary elements of the culture chamber were constrained in displacement but not rotation. The normal penalty stiffness and penetration tolerance factor were set to 0.9 and 0.1, respectively. For the sensitivity analysis, we ran the FEA with different input parameters to capture uncertainties resulting from variations in the manufacturing process and estimation of the friction coefficient (table 1) . For example, the laser cam path for a 1 mm radius post yields radii up to 15% smaller due to the spot size of the laser. In the future, utilizing cutter compensation could generate more accurate target geometries.
Calibration
To empirically validate the intra-well strain for each post radius, we physically calibrated the ISA using a patterned membrane.
Five devices were assessed to determine the consistency of strain magnitude within a given well (intrawell), the repeatability across the device (interwell) and the manufacturing repeatability from device to device. Calibration devices are manufactured in the same manner as the standard cell culture chamber with the added feature of 10 μm diameter, 10 μm high posts patterned 100 μm apart onto the membrane surface. To take measurements, we applied a pressure step function to the ISA and imaged the patterned grid at 100× magnification (DMIRB inverted microscope, Leica Microsystems, Bannockburn, IL with Orca R2, Hamamatsu, Hamamatsu City, Japan) (figure 6). The device was placed in an incubator and cycled at a magnitude of 10 kPa pressure difference across membrane and 1 Hz frequency between imaging time points. Images were imported into MATLAB, and coordinates for a 4×4 grid of posts were selected manually from frame to frame. We calculated the Lagrangian strain tensor for each set of displacement vectors defined by the grid (nine elements total).
Cell culture
Culture chambers were autoclaved in DI water for 30 min prior to use. Wells were coated with 60 μl of 7 μg ml −1 polyornithine (Sigma Aldrich) at 37
• C for 4 h followed by 70 μl of 4.6 μg ml −1 of fibronectin (Sigma Aldrich, Saint Louis, MO) at 37
• C overnight. C2C12 skeletal myoblasts (a gift from the Blau lab at Stanford University [24] ) were seeded at 10 000 cells per well and cultured in Dulbecco's modified Eagle medium supplemented with 20% fetal bovine serum for 12 h prior to application of strain. Cells were strained at magnitude of 10 kPa pressure difference across the membrane and 1 Hz frequency for 6 h. Bright field images were taken before strain (time = 0) and immediately after application of strain (time = 6 h). Cells were then fixed in 4% paraformaldehyde for 30 min at room temperature and stained with 4 ,6-diamidino-2-phenylindole (DAPI; Molecular Probes, Eugene, OR) to visualize cell nuclei and rhodaminephalloidin (Molecular Probes) to visualize F-actin (actin polymerized into filaments or stress fibers). Bright field and fluorescence images were taken on an inverted Zeiss Axiovert 200M. To assess cellular alignment, fluorescence images of DAPI-labeled nuclei were processed using a custom MATLAB code similar to [5] . Briefly, images were filtered to a binary image, particles were isolated as ellipses and axes were identified for each particle. An angle of alignment was determined for each nucleus by comparing the angle between a radial vector to the center of the image and the major axis of the nucleus. 
Results and discussion
Finite element model
For an applied pressure differential of 10 kPa, our FEM analysis predicts that maximum strains occur in the outer annular region, i.e. for a radial distance (r) greater than the post radius (r p ). Whereas, the central region over the post (r 0.7r p ) experiences uniform strain (figure 7). To prevent cells from experiencing non-uniform strain and to keep the cell culture area constant from well to well, we employ a variety of methods to constrain cells to a 0.5 mm radius central region, including physical constraint and protein patterning using a soft lithography stamp (not shown). Within this region of interest, the strain is equibiaxial in the r and θ directions in the central region of the membrane with expected Poisson contraction of the membrane in the z-direction. However, for the demonstration studies with cells in section 4.3, we observed the behavior of C2C12 cells across this gradient of strain.
For the input parameter uncertainties, target strains can vary by up to 48.3% for the worst tolerance combination, e.g. the offset in a targeted 1.0 mm radius post mean strain of 6% can be ±3% strain. These uncertainties provide theoretical bounds on the manufacturing variability from device to device for our existing fabrication processes and potential variability in PDMS properties [22, 25] . Thus, our sensitivity analysis highlights the value of device calibration. There may be additional uncompensated error in our model due to our assumption of linear elastic behavior of the membrane. However, PDMS exhibits linear elastic behavior up to at least 200% strain [26, 27] , well below our maximum predicted strain. The error due to ignoring viscoelasticity (less than 11% for one PDMS model [28] ) is within our estimated variability of ∼50%.
Calibration
Different radii acrylic posts yield nominally distinct strain magnitudes for 10 kPa applied pressure difference profiles: 1%, 2%, 4%, and 6% for 2.0 mm, 1.75 mm, 1.5 mm and 1.0 mm radius posts, respectively (figure 8). Calibration of three different devices yields variation within processing variability predicted by FEM sensitivity analysis ( figure 8(A) ). Examination of a single device ( figure 8(B) ) yields no detectable difference between wells of the same post radius (two-way ANOVA, p = 0.12) but a significant difference between well sets of different radii (p < 0.001). Again, as suggested by FEM, differences in acrylic post radius and spatial variations in modulus could account for the small differences seen between wells. Calibration values remained consistent for our target 4 h of cyclic operation after being autoclaved (figure 9).
Cell studies on ISA
We have confirmed biocompatibility of the ISA for cell culture by maintaining healthy Madin-Darby canine kidney cells and C2C12 skeletal myoblasts on the device for over five days. To demonstrate that cells can be cultured under mechanical strain, we studied alignment of C2C12 cells. In several reports, isolated C2C12 and other cells have been observed to align perpendicular to cyclic uniaxial strains above 1 Hz, thereby minimizing the strain along the direction of stress fibers (actin filaments) [5, 6, 29, 30] . Under biaxial conditions, we also see the nuclei of C2C12 cells realign after cyclic loading at higher strains while they remain randomly oriented with low or no strain. Applied strain is thought to be transduced from the fibronectin-coated membrane to the cell through cellmatrix junctions made up of transmembrane integrins and intracellular linker proteins [31, 32] . Strain levels above a certain threshold induce cells to reorient axially along the direction of lower strain or perpendicular to the direction of higher strain [33, 34] .
At higher strains, our C2C12 cells and their nuclei realign circumferentially, i.e. perpendicular (90
• ) to radial vectors as calculated by the custom MATLAB code (last column of figure 10 ). This is not surprising since for these biological demonstration studies, we did not constrain cells to the region of equibiaxial strain. Thus, cells near the post perimeter are exposed to higher radial strains (ε rr > ε θθ ). Circumferential alignment is greatest at the outer perimeter and is consistent with realignment behavior under uniaxial cyclic loading. However, these data also suggest that a minimum biaxial strain imbalance is needed to trigger this cell reorientation. These data present opportunities for further investigation of protein complexes involved in cell-matrix and cell-cell adhesions. Cell-cell contacts may also be propagating the circumferential alignment found in the outer regions of anisotropic strain inward to the region of isotropic strain; this observation warrants further biological studies. . Bright field and fluorescence images at t = 0 and t = 6 h after application of cyclic strain at a magnitude of 10 kPa pressure difference across the membrane magnitude and 1 Hz frequency. Scale bar = 100 μm. Nuclei and F-actin within the cells were stained with DAPI (blue) and rhodamine-phalloidin (red), respectively, and nucleus alignment was characterized by the custom MATLAB code. Mean angular distribution of nucleus orientation (absolute angle between the long axis of nucleus and radial vector to the center of well) is depicted in the adjacent radial histogram (n = 5).
Conclusion
We have designed, fabricated and characterized an integrated strain array for cell culture that applies discrete strain levels across parallel populations of cells. The ISA enables highthroughput experiments amenable to open-well culture or compatible with microfluidic perfusion channels. We have demonstrated an array with five replicates of five strain levels, but in principle, the ISA can be expanded to a full 96-well plate with 1-96 discrete strain levels. While we achieved distinct strain levels of 1%, 2%, 4% and 6% with this preliminary design, more precise control over a wider range of strain magnitudes can be achieved with higher pressures and improved fabrication tolerances in future designs. The ISA 96-well format maintains distinct cell populations and media for each sample and readily allows fluorescence imaging. We have demonstrated compatibility with standard cell culture techniques, including micropipette loading, maintenance and fixing of cells for further biochemical assays and imaging.
In this study, we fixed and stained the nucleus and F-actin in C2C12 cells. After stimulation on the ISA for 6 h, C2C12 cells show circumferential realignment under 1 Hz cyclic biaxial loading above 4% strain, demonstrating the usefulness of the ISA for mechanotransduction investigations. Future biological investigations could use this system to examine the role of cell-matrix junction proteins in transmitting strain from the substrate to the cell and cell-cell junction proteins in transmitting strain to neighboring cells.
